Sows with increased blood glucose during late gestation may have decreased feed intake in lactation. Supplying dietary fibre to the sow reportedly modulates blood glucose and improves feed intake. The objective of this study was to evaluate the effects of dietary inclusion of cactus (Opuntia ficus-indica) on the regulation of blood glucose and productive performance in lactating sows. Data from 52 hybrid sows were analysed. The sows were divided into two groups, namely a control group (CG), that is, sows fed conventionally; and an experimental group (EG), that is, sows fed commercial feed plus cacti. Blood glucose in late gestation, and feed intake, milk production and milk quality, development of the piglet, energy balance, post-weaning body weight balance and the interval from weaning to oestrus were recorded. Preprandial blood glucose was 55.9 mg per dL in EG and 71.4 in CG. Sows on EG had greater daily feed intake and lower negative energy balance (5.4 kg/day and -2.8 MJ/day) than those on CG (4.5 kg/day and -9.4 MJ/day). Sows fed EG produced more milk (8.6 L/day) than those on CG (8.1 L/day). The quality of milk produced and the weaning weight of piglets were similar for the two groups. Body weight balance after weaning was greater for sows fed EG, 3.5% versus -1.5% in those fed CG. The weaning to oestrus interval was 0.6 days less for sows fed EG than those fed CG. Feeding cactus to lactating sows regulated blood glucose, which improved most of their productive indicators. ______________________________________________________________________________________
Introduction
Blood glucose concentration regulates appetite (Wynne et al., 2005) . During the transition from late pregnancy to lactation, sows experience insulin resistance (Pére & Etienne, 2007) . Physiologically, this causes an increased supply of blood glucose to the pregnant uterus and mammary gland (Thingnes et al., 2012; Bergsma et al., 2009, respectively) . This increased energy supply supports the logarithmic growth of foetuses during the last third of gestation (Farmer et al., 2008) and milk production during lactation (Bergsma et al., 2009) . However, the increase in blood glucose during the transition period affects the sow negatively by reducing feed intake and thus her consumption of energy (Mosnier et al., 2010) . High levels of blood glucose (>90 mg/day) around the time of farrowing may facilitate adaptation to the increasing demand for energy (Pére & Etienne, 2007) .
Sows in lactational hypophagia do not meet the demands of energy through feed intake and thus mobilize their body reserves, primarily fat, but in extreme cases also protein (Mosnier et al., 2010) . The effects of this mobilization may be greatest in gilts (Mosnier et al., 2010) or in genetically lean sows (Ordaz-Ochoa et al., 2013) . Young females have greater nutrient requirements for growth, since they have not reached the size and weight of adults, and have limited body reserves of proteins and fats. The greater demands for growth, in addition to the nutritional demands for synthesis of milk, may compromise their ability to return to oestrus (Chansomboon et al., 2009; Ek-Mex et al., 2015) . This mobilization of body tissues can delay ovarian reactivation after farrowing, and lengthen the interval from weaning to oestrus (Yoder et al., 2012; Gunn et al., 2014) , with downstream effects on subsequent fertility and prolificacy (Rempel et al., 2015) .
Lactational hypophagia is most severe during the first week after farrowing (Pére & Etienne, 2007) , However, in conventional lactations (21 days), improved energy balance during the second and third weeks after farrowing may not be sufficient to offset the mobilization of body reserves because of the deficit in feed intake in the first week. This deficit affects milk production and productivity of the gilts or sows negatively (Bergsma et al., 2009) . To mitigate the effects of lactational hypophagia, nutritional strategies have been implemented such as increasing the energy density of the diet by incorporating fat (Van der Brand et al., 2000) . Likewise, the levels of protein and amino acids have been evaluated to avoid excessive energy loss (Neill & Williams, 2010) . Kim et al. (2009) propose an ideal protein profile, which is a function of the mobilization of body reserves throughout lactation, because this behaviour is dynamic, and varies according to maintenance needs, the development of the mammary gland, and milk production. However, these strategies do not seem to be consistent in affecting the response to feed intake and energy imbalance in lactation. Therefore, nutritional alternatives are required to minimize the mobilization of body reserves and energy imbalance during lactation and to avoid delayed ovarian reactivation after farrowing and its consequences, namely an increase in repeated services, and a decrease in fertility and prolificacy in the next reproductive cycle (Cools et al., 2014) . Quesnel et al. (2009) observed beneficial effects of dietary fibre on feed intake in lactating sows. In sheep, rabbits, and pigs, the dietary fibre of various foods, including cactus (Opuntia spp.), has been linked to improvement in the glucose metabolism, owing to its hypoglycaemic effects and the effect on the synthesis of insulin (Ylönem et al., 2003; Brahim et al., 2012; Onakpoya et al., 2015; Gaitán-Lemus et al., 2018) . Thus, ingestion of cactus by lactating sows may regulate blood glucose levels during the first week after farrowing. Feeding cactus can facilitate synthesis of insulin because of its contribution of calcium (Ca 2+ ) (Deldique et al., 2013) , and provide dietary fibre to modify the absorption of bile salts, cholesterol and glucose (Hsu et al., 2004) . All of these effects are anticipated to result in greater feed intake (Quesnel et al., 2009) . Therefore, the aim of the current study was to evaluate the effects of dietary inclusion of cactus (Opuntia ficus-indica) on the regulation of blood glucose and productive performance in lactating sows.
Materials and Methods
This research was conducted at the Swine Production System of Zootechnical Posta of Faculty of Veterinary Medicine Zootechnics of UMSNH, Tarímbaro, Michoacán, Mexico. The animals that were used were bred in accordance with the regulations of the Zootechnical and Animal Health of Mexico for the Humanitarian Care and Use of Animals in Investigation, Secretary of Agriculture and Rural Development. All procedures used in this study conform to the Animal Rights and Protection Act of Ocampo, Michoacán and the Mexican Official Norm for the Production, Care, and Use of Laboratory Animals (NOM-062-ZOO-1999) (Mexico 1999).
Thirty-three hybrid sows (Yorkshire x Landrace x Pietrain) that had previously farrowed between one and five times were used in this study. The sows had been served by natural mating with hybrid boars (Yorkshire x Pietrain) 12 hours after presenting oestrus post weaning. At 110 days of gestation they weighed an average of 207 ± 34 kg. They were housed in groups (n = 7) in 16 m 2 pens during the first 109 days of gestation. At this stage, sows consumed 2.5 kg per day of a conventional diet for pregnant sows (Table 1) . The experiment was conducted in two time blocks such that 52 farrowing events contributed to the dataset.
According to the experimental design, two groups were formed: a control group (CG), which was fed conventionally; and a treated group (EG), which was fed the commercial feed plus 1.0% cactus (O. ficusindica). There were 26 farrowing events from 15 sows in CG, and 26 farrowing events from 18 sows in EG. For farrowing and lactation, the sows were housed in individual cages with stainless steel bucket feeders and automatic drinking fountains. Lighting and room temperature were controlled artificially, with eight hours of light per day (8:00 to 16:00 hours) and an ambient temperature at 20 ± 1 °C during the 21 days of lactation. Farrowing was not induced, but it was assisted. Litters were standardized to eight piglets in the first 24 hours after farrowing. Piglets that died during lactation were not replaced. A total of 416 piglets were produced in the investigation. Thirty-one piglets died as a result of crushing 74% (23 piglets), starvation 12.5% (4 piglets), diarrhoea 11.5% (3 piglets), and unknown causes 2.0% (1 piglet).
During lactation, the sows from the two groups were fed ad libitum with a conventional diet ( Table  1 ). The only variant in the feeding of EG sows was the addition of the cactus (Table 1 ). The cladodes of O. ficus-indica that were offered to the EG sows were approximately 90 days old, and had been cut manually with the required amount (41.0 kg) each week. The cladodes were fragmented into approximately 3 x 2 cm pieces, and were stored at 4 °C until they were offered to the sows. The quantity that was required for each sow was added at 8:00 hours with the corresponding commercial feed ration. This practice was carried out daily during lactation. Blood glucose and the productive performance of sows during lactation were evaluated. Blood glucose was determined with a glucometer for human use according to methodology described by Perez et al. (2016) . Blood samples were drawn on days 85, 100, and 110 of gestation at 08h00 (before feeding) and 08h30 (after feeding) by puncturing the right atrial vein. Blood samples were also drawn from each sow on days 1, 3, 7, 10, 14, 17, and 21 of lactation.
To determine the productivity of sows during lactation, daily feed intake (DFI) and total feed intake (TFI) were recorded. The feed supplied and rejected by each sow was weighed daily with a digital scale with a 40 kg capacity and an accuracy of ± 0.5 g. Rejected feed was weighed before feeding each morning.
The milk production of sows was estimated according to Sinclair et al. (1999) . Briefly, this method consists of a weigh-suckle-weigh sequence for each piglet on days 2, 5, 7, 10, 15, 19, and 21 of lactation. Weighing before and after suckling was done with a digital scale. The procedure was done four times on each established day. In addition, suckling time and intervals between measurements were recorded to determine the daily milk producation. To evaluate milk quality, 10 mL milk was collected from each sow on days 3, 11 and 17 of lactation. The milk was collected manually after an intramuscular injection of 2 mL oxytocin ® intramuscularly. Five minutes after the injection, the udder was massaged, and the milking was performed. Each sample was placed in a sterile container (100 mL capacity) and stored at 4 °C for further analysis (1 hour post milking) using Lactoscan ® equipment (Milkotronic Ltd., Nova Zagora, Bulgaria), which determined the content of lactose, protein and fat.
Piglets were weighed at birth and on days 7, 14, and 21 (weaning) of lactation. Energy balance (EB) was determined, using the methodology that was described by Noblet et al. (1990) . The change in weight of the sows from farrowing to weaning (BWP) was determined as the difference between their live weight at day 110 of gestation (SW110) and their weight at weaning (SWW) using a fixed electronic scale (capacity 1-1500 kg). The BWP was also expressed in relative terms as:
where WSPF is the weight of the sow after farrowing, which was estimated as:
WSPF, kg = SW110 − (∑ birth weights of piglets + weight of the placenta)
Lastly, the interval from weaning to oestrus (WEI) was recorded as the difference (in days) between the dates that the piglets were weaned and when the sow was displayed signs of oestrus. The data were analysed using SAS (SAS Institute, Cary, NC, USA). For all dependent variables, their residuals, after analysis as originally recorded, were tested for normality using the Shapiro-Wilks test and for homogeneity of variance using Bartlett's test. If a dependent variable was not distributed normally, it was log-transformed prior to the final analysis to normalize its distribution. Using PROC MIXED, BG, DFI, EB, weights of the piglets and MQ were analysed with a model that was appropriate for repeated measurements (Littell et al., 1998) . Sows within treatment modelled as a random effect, and treatment, parity, time (weeks of lactation) and the treatment x time interaction were modelled as fixed effects. The TFI, BWP, and WEI were modelled as functions of treatment, parity and the treatment x parity interaction as fixed effects. Hypotheses were declared significant with α=0.05. Pearson's correlation coefficients between milk production, fat in milk and weight of the piglets were calculated during the three weeks of lactation. The values in text, tables and figures are presented as least squares mean ± standard deviation (SD).
Lactation curves were calculated using the non-linear incomplete gamma function of Wood (1967) :
where: Y n = milk production on the n -th day of lactation e = base of natural logarithm (ln) a, b, and c = parameters to be estimated: a = a factor of scale for milk production at the beginning of lactation; while b and c define the slope of the curve before and after the peak of lactation. The data were transformed to natural logarithms such that the Wood's equation was linearized as:
In Y n = Ina + b In n − cn After this transformation, the parameters (a, b and c) were estimated by multiple regression. Based on these estimates the time of maximum milk production (tmax) and the maximum milk production (MPmax) were calculated for each treatment as:
Results and Discussion
During late gestation, feed intake was similar for the treated and control groups (Table 2) . Without considering the consumption of cactus, DFI of the sows in EG was greater (P <0.01) than for the sows in CG throughout lactation. Feed intake of the sows in EG was not affected (P =0.63) by parity. However, sows in EG that had multiple parities did consume more cactus compared with sows in CG; and for sows fed CG the first-parity sows consumed less feed compared with sows that had multiple parities (Table 2) . Because the length of lactation was fixed (21 days), the results pertaining to TFI were similar. The estimated energy requirements of the sows increased as lactation progressed (Table 3) . At 24 hours after farrowing, the estimated energy requirements were 39.3 MJ per sow and 37.0 MJ per sow (P =0.19) for the sows in the CG and EG, respectively. Over the entire lactation, sows in the CG had an 11.7 MJ per day greater (P =0.01) energy deficit than those in that were supplemented with cactus (Table 3) . For sows that were fed the control diet, the energy deficit became greater from the first to the second week of lactation (Table 3 ). In the sows that consumed EG, the opposite effect was found, with the change in energy balance being positive. For the sows in CG, those in their 3rd to 5th parities had a greater energy deficit than those in earlier parities (Table 3) .
During the last third of gestation, the sows that were ultimately assigned to each dietary treatment group had similar (P > 0.05) concentrations of blood glucose both before (66.7 mg per dL) and after feeding (74.3 mg per dL). However, during lactation blood glucose concentration before and after feeding was consistently greater in CG than in EG (Table 4 ). For sows in EG, their post-prandial blood glucose levels held approximately constant (63.4 to 64.6 mg pre dL) throughout the three weeks of lactation, whereas their preprandial blood glucose levels were somewhat lower during the second week of lactation than in the first and third weeks.
The physiological hypophagia that occurs in sows during lactation is established immediately after farrowing as a consequence of a high concentration of blood glucose from day 85 of gestation (Pére & Etienne, 2007; Mosnier et al., 2010) . Before farrowing, the physiological objective is to provide energy to the foetuses for their growth during the last third of gestation (Farmer et al., 2008) . After farrowing, high concentrations of blood glucose are maintained to supply energy requirements for synthesis and milk production during lactation (Bergsma et al., 2009 ). However, the elevated levels of blood glucose affect the centres of the hypothalamus, which regulates the appetite and satiety of post-farrowing sows (Pére & Etienne, 2007) . Here, this effect seemed to be diminished as the sows in CG had greater pre-and postprandial concentrations of blood glucose than the sows that were offered cactus. Likewise, the sows of CG had reduced voluntary feed intake during the three weeks of lactation compared with EG sows.
It has been established (Pere & Etienne, 2007; Mosnier et al., 2010; Yoder et al., 2012) that physiological hypophagia has detrimental effects on primiparous sows (<3 parities) and on genetically lean sows (Ordaz-Ochoa et al., 2013) . Feed intake in lactation is regulated mainly by the endocrine and metabolic changes that affect the sows immediately after farrowing and during lactation. These effects are accentuated in younger sows, which have greater nutrient requirements for growth and limited body energy reserves (Mosnier et al., 2010) . Therefore, the present results, which showed lower pre-and post-prandial concentrations of blood glucose and increased DFI, which were observed specifically in EG, suggest that it is possible to manipulate the effect of blood glucose to control the appetite in sows after farrowing and during lactation through dietary supplementation with cactus (O. ficus-indica). This is supported by evidence that Opuntia spp has hypoglycaemic properties (Alarcón-Aguilar et al., 2003) , as has been reported in human beings (Onakpoya et al., 2015) and in various species of animals (Brahim et al., 2012; Halmi et al., 2013; Gaitán-Lemus et al., 2018) .
The mechanism by which cactus intake causes a reduction of blood glucose concentration is not known precisely. However, among the possible explanations, it has been found that the pectin and mucilage of cactus slow the transit of feed through the gastrointestinal tract and increase glucose absorption (Onakpoya et al., 2015) . Nuñez-Lopez et al. (2013) suggested that the non-fermentable dietary fibre of cactus promotes an increase in the release of glucagon-like peptide-1 (GLP-1), inhibiting the release of glucagon and, consequently, decreasing glucose synthesis. In addition, GLP-1 causes an increase in insulin synthesis (Alarcón et al., 2003) . Calcium may also be involved in the regulation of blood glucose, since calcium is essential for insulin secretion (Pari & Latha, 2005; Newsholme et al., 2005) . The Ca 2+ in O. ficus-indica (0.59 mg 100 per g) (Pinos-Rodríguez et al., 2010) has high bioactivity (Contreras-Padilla et al., 2015) . It stimulates β-pancreatic cells, provoking a reduction in blood glucose through i) oxidative decarboxylation; ii) allosteric capacity to activate glutamate dehydrogenase; and iii) transamination of α-ketoisocaprote (Halmi et al., 2013) . This subsequently increases the flow of the tricarboxilic acid and the ATP/ADP reaction, the effect of which is reflected in closing potassium-ATP channels and depolymerizing the plasmatic membrane, allowing channels of Ca 2+ to open and then facilitating the secretion of insulin (Newsholme et al., 2005) . The reduction of blood glucose concentration in lactating sows, owing to the effect of cactus intake, lessens hypophagia during lactation, which was observed in EG sows. The concentrated feed intake (31-40 kg on dry basis per sow per week) plus cactus (8-10 kg fresh basis per sow per week) established that lactating sows have the gastric capacity to consume greater quantities of feed than they do (30.9 kg per sow per week (Sánchez et al., 2015) to 34.4 kg per sow per week (Cools et al., 2014) during lactation.
Increased feed intake of sows may favour the increases in the amount and quality of the milk. It was found that EG sows produced more (P =0.0218) milk on average and in total during lactation compared with CG sows (Table 5 ). Estimates of the parameters of the incomplete gamma function that was used to summarize these milk production data are shown in Table 6 . Initial milk production was 2.6 L per sow for CG and 2.7 L per sow for EG, with peak production of 9.6 and 10.3 L per sow occurring on days 15.2 and 14.9 for CG and EG, respectively, and day 21 milk production of 8.2 and 8.8 L per sow for CG and EG, respectively. Table 5 Means (± SE) for average daily and cumulative milk production (L) of lactating sows whose diet was supplemented with cactus or of sows in an unsupplemented control group 1 CG unsupplemented control group, EG: group supplemented with cactus PPT: peak production time; PP: production at peak; PTE: total production estimate; SCE: sum of squares of error; R 2 : determination coefficient a,b Within columns, different superscripts indicate statistical difference (P <0.05) (Wood 1967) It is recognized that changes in the diet of lactating sows may affect their consumption and consequently the production and quality of milk (Hurley, 2015) . Above all, an input (such as cactus) can alter the metabolic processes of synthesis and production of milk and cause a lower performance in the development of lactating piglets owing to the low content of protein and energy contained in cactus. Lee et al. (2014) reported that sows produced 8.5 kg of milk per day or 178.5 L per lactation. This was a larger quantity of milk than was produced by the CG sows, but was similar to that observed in EG. However, these differences among studies in milk production are possibly attributable to differences in the genetic material and the environment (Farmer et al., 2008) . In contrast, Thingnes et al. (2012) suggested that additional feed intake by the sows during lactation is not reflected in milk production, but is used to reduce weight loss. Chen et al. (2014) observed that non-starch polysaccharides in cactus increased the viscosity of the food bolus, reduced gastric emptying, and generated greater absorption of nutrients in the bolus. Chen et al. (2014) also evaluated the inclusion of fibre (peas) in the diet of pigs, and noted that this increased the expression level of the GLP-1 gene. This protein is related to the renewal of the intestinal epithelial cells and, in turn, to greater efficiency in the absorption of nutrients from food (Brahim et al., 2012) . Fermentation of non-starch polysaccharides in pig colons also increases the production of volatile fatty acids (Chen et al., 2014) and consequently greater energy can be channelled to metabolic processes (Brahim et al., 2012) , such as milk production. When sows do not consume sufficient dietary energy, body reserves are mobilized to meet their requirements (Thingnes et al., 2012) . In addition to their greater intake of dietary energy in the form of non-structural carbohydrates in cactus, the need for mobilization of body reserves may be reduced for sows that are fed cactus. More energy is available to them because of greater efficiency in the absorption of nutrients (Gebremarian et al., 2006) and/or an increase in volatile fatty acids (Chen et al., 2014) . This higher synthesis of volatile fatty acids in sows that consumed cactus may best explain their positive energy balance during lactation. Why this effect was manifest only in second parity sows is inexplicable.
The average quality of the milk, as assessed from its lactose, protein and fat contents, did not differ between the sows fed cactus and those in the unsupplemented control group (P >0.05). The nutritional content of the sows' milk was reduced as the days in milk increased (P <0.05). Even with the concurrent increase in the amount of milk produced, the total lactose, protein and fat consumed by the nursing piglets was reduced by the third week of lactation. The growth of the piglets during lactation was affected (P < 0.05) by the interaction of treatment and parity (Table 8) . Piglets from second parity sows that were fed cactus were heavier from day 7 of lactation onwards than any other group of piglets that were similar in weight to each other.
The interaction of treatment and parity was highly significant at all times that weight was recorded (Table 8) . Sows in CG lost weight during lactation, whereas those in EG gained weight (Table 8) . Second parity sows in CG lost least weight during lactation, and second parity sows in the EG gained most weight, relative to either 1st or 3rd to 5th parity sows that were fed similarly. Sows in their 1st or 2nd parities that were fed cactus had shorter WEIs than sows of similar ages in CG (Table 8 ). Older sows did not differ in WEI, irrespective of their diet.
In addition to reducing blood glucose concentration, consumption of cactus may improve the digestive processes of lactating sows. The present results verify the greater weight gain that was observed in animals fed with diets complemented with cactus (Brahim et al., 2012) . It is suggested that this increase was because of the high (53.9%) content of soluble carbohydrates (Gebremarian et al., 2006) . In this research, the diet with cactus contained a higher percentage of carbohydrates (54.2% versus 48.3%), which favoured an increase in feed intake. During lactation, greater feed intake may reduce weight loss or, as for the sows in EG, even allow for some gain, which may trigger earlier ovarian reactivation and would result in a reduced WEI (Table 8 ). This reduction is associated with greater consumption of energy, the result of which can be a positive effect on ovarian follicular dynamics (Viñoles et al., 2008) . To minimize the loss of body weight during lactation and to ensure that the WEI was not affected, Noble et al. (1990) indicated that the energy balance during lactation must be -8.5 MJ per day. This is a greater energy deficit than was found in this research for sows that consumed cactus and had an average energy balance of -2.8 MJ per day, as opposed to CG sows whose energy balance was -14.5 MJ per day. The results are approximately parallel with those for DFI, in which the energy intake of the sows of EG was 9.3 MJ per day greater than CG (Table 3) .
Conclusions
The addition of fresh cactus (O. ficus-indica) to the diet of lactating sows causes greater voluntary feed intake from its hypoglycaemic effect and increases the synthesis of milk without affecting its nutritional quality, ensuring normal development of piglets during lactation. These improvements are achieved without decreasing the body reserves of sows during lactation, which contributes to a better reproductive performance once lactation is over. Implementation of this technology may be challenging, because feeding fresh cactus can be difficult in intensive systems of swine production. However, this technology may be beneficial to farmers who manage less industrialized systems of swine production. More research should be carried out to develop new technologies for processing cactus in order to facilitate its use as a dietary supplement.
